While nanotwinned metals have been proven to show excellent mechanical properties, they are generally anticipated to be less effective in the alleviation of radiation damage. However, recent in situ studies have indicated that some nanotwinned metals exhibit unprecedented radiation tolerance, and the unexpected self-healing of twin boundaries in response to radiation was observed. To reveal the underlying atomic mechanisms, we performed long-time molecular dynamics simulations to study the dynamic interaction between twin boundary and some typical radiation-induced point defects, including vacancy cluster and self-interstitial atoms. The defective structures of coherent twin boundary which contains incoherent twin segment or self-interstitial atoms are considered, and these structure features are found to effectively improve the ability of twin boundary to act as a sink for point defects. Abstract: While nanotwinned metals have been proven to show excellent mechanical properties, they are generally anticipated to be less effective in the alleviation of radiation damage. However, recent in situ studies have indicated that some nanotwinned metals exhibit unprecedented radiation tolerance, and the unexpected self-healing of twin boundaries in response to radiation was observed. To reveal the underlying atomic mechanisms, we performed longtime molecular dynamics simulations to study the dynamic interaction between twin boundary and some typical radiation-induced point defects, including vacancy cluster and self-interstitial atoms. The defective structures of coherent twin boundary which contains incoherent twin segment or self-interstitial atoms were considered, and these structural features were found to effectively improve the ability of twin boundary to act as a sink for point defects.
Introduction
There is increasing interest in nanostructured metallic materials because they possess a significant fraction of grain boundaries leading to excellent properties compared with their coarse-grained counterparts [1] [2] [3] . For example, the well-known nanotwinned metals have shown an improved strength and ductility, yet maintain high electrical conductivity and good thermal stability [4] [5] [6] . However, it was considered that they do not have high radiation resistance because they contain mostly coherent twin boundaries (CTBs), which are low-energy boundaries and are inefficient defect sinks in irradiated metallic materials [7, 8] . The low ability of CTBs to act as sinks for radiationinduced defects has also been verified on the basis of computational simulations [9, 10] . However, some recent in situ studies revealed that twin boundaries can also show outstanding capability to act as sinks in irradiated nanotwinned metals [11] . Yu et al. [12] observed that a large number of radiation-induced stacking fault tetrahedra (SFTs) were removed during their interactions with abundant twin boundaries in nanotwinned Ag. Chen et al. [13] found that nanotwinned Cu exhibited a smaller defect size and lower defect density than its coarse-grained counterpart under irradiation. Moreover, the twin boundary affected zone and the self-healing capability of twin boundaries in response to irradiation have been observed in nanotwinned Cu [14] and nanotwinned Ag [15] . The above experimental findings go against the conventional understanding of nanotwinned materials, which have long been considered as being ineffective for the alleviation of radiation damage. To reveal the underlying mechanisms, we studied the dynamic interaction between twin boundaries and some typical radiation-induced point defects by molecular dynamics (MD) simulations.
Existing simulation models typically used in MD simulations generally assume perfect Σ3{111} CTBs to study their mechanical and physical properties [16] [17] [18] and their interaction with other types of crystal defects (e.g., vacancies, interstitials, SFTs, and dislocation loops) [7, 10, 19] . These studies are informative as long as CTB lengths are limited to 10 nm order. However, the much longer CTBs usually observed in experiments are inherently defective with kink-like steps, which consist of segments of Σ3{112} incoherent twin boundaries (ITBs) and partial dislocations [20, 21] . Moreover, nanotwinned structures are not as stable as they were thought be. Both experimental and simulation studies have shown that an ITB in the junction of {111}/{112}/{111} twins can migrate accompanied by the detwinning of CTBs during annealing [22, 23] , under an externally applied mechanical load [24] or under irradiation [12, 25] . On the other hand, the initial radiation cascades near a grain boundary can play a significant role in changing the local boundary structure since self-interstitial atoms (SIAs) resulting from the radiation can be easily absorbed by the nearby boundaries [26] [27] [28] . Therefore, it is expected that the perfect CTB structure may be changed by radiation-induced SIAs. For example, the frequent distortion of CTBs in irradiated nanotwinned Ag observed by Li et al. [15] may confirm this hypothesis. As discussed above, the generally assumed perfect CTBs may usually have imperfect structures in real materials that either contain incoherent twin segments or are incorporated with point defects under irradiation conditions. On the basis of recent experimental findings, it is conceivable that these structural features are closely related to the ability of twin boundaries to act as a sink for radiation-induced defects, and they are expected to affect the overall radiation tolerance of nanotwinned materials. Neverthless, the ability of defective CTBs to act as a sink has not been studied so far and the underlying mechanisms are not clear. In this study, we carried out long-time MD simulations (100 ns time scale) to provide further information at the atomic scale.
Simulation method
The simulations were conducted using the parallel molecular dynamics code LAMMPS [29] with the embeddedatom method (EAM) potential for Cu [30] . In the first study, we investigated the effect of the CTB/ITB structure on the stability of radiation-induced defects, as illustrated in Fig.1(a) . To simulate the junction of {111}CTB and {112}ITB, a rectangular simulation box (region I) with Cu atoms was first constructed along the [1 ̅ 12] , [11 ̅ 1] and
[110] directions, and then followed by a grain rotation about the [110] axis in region II. The coordinate axis for the crystal and twinned regions are indicated in Fig.1(a) . The SFT was chosen for study because it is an important type of vacancy cluster in various irradiated face-centered cubic (fcc) metals [31, 32] . Following the previous method [33] , the initial SFT structure was created from an equilateral triangle vacancy plate on the basis of the Silcox-Hirsch mechanism. Three SFTs (SFT-1 to SFT-3) with various distances to the twin boundaries were introduced into the CTB/ITB region. In the simulation, the sample was first subjected to an energy minimization procedure by the conjugate gradient algorithm. Then, the sample was heated to 1000 K in the canonical (NVT) ensemble using a constant temperature Nose-Hoover thermostat. During the system annealing at the high temperature, a thin slab of atoms on the left and right sides of the sample was fixed, while all the other atoms were set as free. Fig.2 shows the atomic structure of CTB/ITB junctions after the initial system minimization procedure. The structure of ITB can be presented as a line of rhombic structural units (SUs) and a group of stacking faults that dissociated from the boundary plane, as outlined by the yellow lines. From the perspective of dislocation, the {112}ITB consists of a set of Shockley partial dislocations on every {111} plane with a repeatable sequence b1:b2:b3 [24] . The structures of ITB and the CTB/ITB junctions constructed in this study are consistent with the experimental observations by using the highresolution transmission electron microscopy (HRTEM) [22, 34] . In the second study, we examined the effect of interstitial atoms on the structure of CTBs and the ability of the defective CTBs to act as a sink for the vacancy clusters, as shown in Fig.1(b) . A nanotwinned Cu sample containing four CTBs was constructed, and then SFTs and SIAs were introduced into the sample respectively. The size of the simulation sample in Y direction is about 250 Å, so the separation between the CTBs is 62.5 Å. Again, the simulation sample was heated to 1000 K, and MD simulations were performed in the NVT ensemble with all the atoms set free.
Note that, the mobility of the SFT decreases exponentially fast with increasing SFT size. It was reported that the mobility of a 15-V SFT (an SFT created from 15 vacancies) is negligible on the time scale of MD simulations, but a 10-V SFT has much higher mobility than the 15-V SFT [35] . Therefore, all the SFTs introduced in this study were created from 10 vacancies to ensure a sufficient mobility of the SFTs in an appropriate simulation time. 
Result and discussion

Migration of ITB
We first investigate the size effect and the effect of temperature on the mobility of CTB/ITB junction. CTB/ITB junction is a high-energy configuration and the motion of an ITB can be induced under various circumstances. Here, the migration of an ITB and the corresponding detwinning of CTBs are thermally activated processes at a high temperature. During the migration of the ITB, the length of the two CTBs decreased and the Gibbs free energy of the system was thereby lowered. To determine the size effect, we simulated the migration process of the CTB/ITB junction with a CTB distances of 4, 6, 8, and 10 SUs. The number of SUs corresponds to a ITB length of 25 Å, 37.6 Å, 50 Å, and 62.6 Å, respectively. The thickness of the twin boundaries (in Z direction) was set as 20.4 Å. The snapshots in Fig.3(a) and (b) show the configurations of the ITB with 4 SUs and 10 SUs after the system was annealed at 900 K for 10 ns and 40 ns, respectively. Fig.4(a) shows the migration distance of the ITB as a function of the simulation time, where the migration velocity was obtained by least-squares fitting. It was found that the longer the boundaries, the slower the boundary migration. The reduction of the velocity was found to be less significant upon further increasing the length of the ITB, which may owing to the size of the simulation sample in Y direction and the periodic boundary condition applied in this direction. Moreover, the thermally activated migration of the ITB was correlated to the collective motion of boundary atoms which was sensitive to the temperature. The snapshots in Fig.3(c) and (d) show the configurations of the ITB with 24 SUs after 40 ns simulation at 700 K and 1000 K, respectively. Fig.4(b) plots the migration distance of the ITBs as a function of the simulation time at different temperatures. From the above results, it was concluded that the migration velocity of the ITB increases monotonically with the temperature but decreases with increasing length of the ITB. The results are qualitatively consistent with the experimental observations in twin boundaries of nanocrystalline Cu [22] . When SFTs were introduced to the sample, we doubled the thickness of the twin boundaries to 40.8 Å to ensure a sufficient interaction between the twin boundaries and the SFTs. Simulations showed that the increase in size of the thickness further decreased the migration velocity of the ITB. By considering the time-scale limitation of MD simulations, we constructed the ITB with a suitable size and carried out the simulation at a relatively high temperature so that the ITB and SFTs can have sufficient mobility in an appropriate simulation time. Figure 5 shows the evolution of the CTB/ITB structure and the movement of the SFTs at different simulation time.
Interaction of ITB and SFTs
The initial configuration of the simulation sample is shown in Fig.5(a) . To clearly show the location of the twin boundaries and the SFTs, atoms with perfect fcc structure were removed, and the snapshots presented in Fig.5 were obtained after quenching back to 0 K at the corresponding simulation time (the following figures are displayed in the same manner). In Fig.5(b) , the ITB migrated towards the right-hand side, while SFT-3 exhibited a random walk near its starting position and penetrated CTB-2 at t=10 ns. Subsequently, SFT-2 was completely absorbed by the migrating ITB after their interaction and SFT-1 crossed over CTB-1, as shown in Fig.5(c) . By visual inspection of the MD result, the CTB structures are exactly the same as they were before the traversing of the SFTs, which implies that the interaction between the SFTs and CTBs was essentially negligible. In other words, a CTB does not act as a sink for an SFT as an ITB does. This is mainly due to the simplest boundary structure and the lowest boundary energy of the CTB among all the boundaries. Unlike the ITB, there are no misfit dislocations or free volumes present on the boundary plane of a CTB. Moreover, the calculated interaction energy of a vacancy with a CTB is zero [10] , indicating that the atomic distortion of a CTB is minimal. Therefore, a CTB cannot act as a sink nor as an obstacle to the movement of SFTs in the simulation. SFT-1 migrated near CTB-1 until it approached the ITB and was then annihilated at the CTB/ITB junction. The ITB continued to migrate after its absorption of SFT-1 and SFT-2, as shown in Fig.5(d) and (e) . Meanwhile, SFT-3 moved towards ITB, and it was eventually absorbed by the migrating ITB in the same manner as SFT-1 and SFT-2. Fig.5(f) shows that all the three pre-existing SFTs were removed as the ITB swept. The dynamic process of Fig.5 is shown in the supplementary movie-1. We found that the migration of the ITB did not change essentially after its absorption of SFTs. To examine the migration mechanism of the ITB before and after its absorption of SFT, Fig.6 shows the time progression of ITB migration at the atomic scale. For clarity, the cross-section views of the continues two layers of atoms along the <110> direction involved in the ITB-SFT interaction are presented. The initial ITB was flat and consisted of a line of rhombic SUs. To complete one step of the migration, the SUs must move a distance of an atomic layer along the <112> direction. However, the movement of SUs does not need to occur simultaneously on the whole boundary plane, and it first progressed in the SUs connected to the upper junction and then on the adjacent SUs, as shown in Fig.6 (a) and (b). Also, the migration does not need to be completed throughout the boundary before the initiation of next boundary migration. The uncoordinated movement of the GB plane resulted in a number of steps or disconnections at the boundary plane, as indicated by the arrows. The migration process is very similar to the movement of the edge-type dislocations in the Σ11{113} GB, which consist entirely of rhombic SUs [36] , but the migration of the Σ11{113} GB was shear-driven while the motion of the ITB here was thermally activated. After the absorption of SFT-2, the essential structure of the ITB had not been changed, but the distance between the two Shockley partial dislocations had shortened, resulting in a step with a height of one atom, as shown by the dashed circle in Fig.6(c) . The vacancies that dissociated from the SFT move along the boundary plane during the migration of the ITB, which was evidenced by the change in the position of the two adjacent Shockley partial dislocations in Fig.6(d) .
The study case of the CTB/ITB structure can provide a good understanding of the experimental observations. For example, while the frequent migration of CTBs and ITBs was reported in irradiated nanotwinned Ag [12] , our simulations indicate that the migration of ITBs is the predominant factor causing the removal of the SFTs rather than the CTB-SFT interaction mechanism. Also, the simulation result can explain the results of the in situ observation of the irradiated Cu films [25] , where the radiation-induced defects were uniformly distributed in the region without the migration of an ITB, but the region with the ITB migration showed a lower defect density. 
Interaction of perfect CTB with SFTs and SIAs
Previous computational and experimental studies have shown that (i) a large number of vacancies and SIAs are generated in metals during heavy ion-irradiation [25, 37] ; (ii) GBs can serve as an efficient sink to absorb radiationinduced point defects via different mechanisms [26, 38] ; (iii) SIAs diffuse to GBs much faster than vacancies and are rapidly removed from grain interiors [26, 39] , while the vacancy clusters generally take the form of SFTs inside the grains [12, 40, 41] . Therefore, it is instructive to investigate the interaction between point defects and CTB incorporated with SIAs, because whether the defective CTB can provide the absorption site and diffusion channel that favor the annihilation of defects is not clear. To figure it out, the simulations were designed to be carried out in two steps. Firstly, we investigated the interaction of CTB with SFTs and SIAs, respectively. Selected snapshots of the interaction between CTBs and SFTs are presented in Fig.7 . The SFTs changed their equilibrium configuration and moved randomly between the twin lamellas during the high-temperature annealing.
For example, SFT-6 crossed CTB-4 at t=44 ns and then traversed CTB-4 and CTB-3 continuously to reach region II at t=64.2 ns, as shown in Figs.7(b) and (c) . During the migration of SFT-6, five vacancies were dissociated from its main body, as indicated by the dashed ellipse in Fig.7(d) . SFT-6 has now transformed to a void structure and was unable to change back to an SFT unless new vacancies were absorbed, because the minimum number of vacancies required to form an SFT is six. Meanwhile, SFT-3 crossed CTB-2 to reach region I and moved close to SFT-1, but only one vacancy was separated. Subsequently, SFT-1 and SFT-3 merged to form a larger size SFT containing 19 vacancies, as shown in Fig.7(e) . Note that the newly generated SFT had a defective tetrahedron structure because the number of vacancies required to form a perfect tetrahedron of the same size is 21. As shown in Fig.7(f) , SFT-4 moved near void-6 and they subsequently combined to form a perfect SFT containing 15 vacancies, while for SFT-2, complete dissociation to 10 vacancies was observed, as shown by the dashed circle. The defective 19V-SFT and the perfect 15V-SFT structures were identified by the dislocation extraction algorithm (DXA) [42, 43] , as shown by the purple lines in Figs.7(e) and (g), and were made up entirely of 1/6<110> strair-rod dislocations. The final products of the CTB-SFT interaction at t=120 ns include SFTs with different sizes, a group of dissociated vacancies between the twin lamellas, and the intact CTBs. Fig.8 shows the interaction between the CTBs and SIAs at different simulation time. The SIAs show higher mobility than the SFTs, and they immediately aggregate to form dislocation-loop-like-interstitial clusters inside the grain, as shown in Fig.8(b) and (c) , where the atomistic view and the DXA result are presented. The main result of the CTBs-SIAs interaction discovered here is that CTBs absorb interstitials preferentially over vacancies, and all the preexisting bulk interstitials were eventually arranged in twin boundary planes in the form of self-interstitial clusters.
These SIA clusters can be described as closed-loop line defects, as shown in Figs. 8(d) and (e). In summary, the above simulations indicate that the interaction between the CTBs and the vacancy-type defects (including monovacancies, voids and SFTs) is not sufficient to absorb the defects or keep them bound to the CTBs, while for the interstitial atoms, they can aggregate at CTBs in a short time and change the perfect CTB structure into a locally defective one. 
Interaction of defective CTB with SFTs
We follow the next study on the role the defective CTB structure plays in the absorption of SFTs. To exclude any interaction of SIAs and SFTs between the twin lamellas, the SFTs in Fig.7(a) were directly introduced into the defective CTBs in Fig.8(e) . The simulation was performed under the same conditions as those in the first step, and the results are shown in Fig.9 . Similarly, the SFTs transformed their perfect structure into a void-like configuration during high-temperature annealing and exhibited a random walk. Meanwhile, the SIA clusters slipped on the twin boundary plane, and they can grow by combining with other SIAs. In Fig.9(a2) and (a3) , it is interesting to see that the defective twin boundary at S2 was recovered when SFT-1 and SFT-2 moved close to S2 and were absorbed by it.
A similar event was also observed on CTB-3. When slipping on CTB-3, the size of S4 was reduced by its interaction with SFT-3, and it was completely removed after its combination with SFT-5, as shown in Fig.9(a3) to (a5) . In a similar way, the size of S4 was reduced as a result of absorbing the surrounding distributed vacancies from t=29.2 ns to t=84 ns. Although the simulation was performed for a limited time, the remaining vacancies and their clusters in Fig.9 (a6) are significantly smaller than those in the initial state. Fig.9 (b) and (c) show bottom views of the evolution of CTB-2 and CTB-3, respectively, during the simulation. It can be clearly seen that the defective CTB structures at S2 and S4 were completely recovered and the size of S3 was reduced. The dynamic process of Fig.9 is shown in the supplementary movie-2. It is expected that all the remaining vacancy defects between the twin lamellas would have been removed and that the defective CTB structures would have been completely recovered if the simulation had been performed for a sufficiently long time. The simulation result implies that the ability of the CTBs to act as a sink for vacancy defects was significantly improved after their absorption of interstitial atoms. In a real situation, the continuous segregation of SIAs at CTBs can provide sufficient absorption sites to accommodate the vacancies and their clusters inside grains. Therefore, the switching back and forth between perfect and the defective coherent twin structures allows CTBs to be an efficient sink for radiation-induced point defects.
Conclusion
In conclusion, we investigated the ability of twin boundaries to act as a sink for point defects by performing molecular dynamics simulations. Most of the simulations in this study were carried out at 100 ns time scale which is rarely accessed by the previous MD simulations. The long-time simulation makes it possible to study the dynamic motion of the point defects and their interaction with twin boundaries. In particularly, the defective CTB structures which contain ITB segment or self-interstitial atoms were considered in this study; such kind of CTB structures are more close to the experimental observations and the actual situation. The simulation results show that while a perfect CTB was ineffective for absorbing SFTs, a defective CTB structure containing ITB segments can provide a preferential site and diffusion channel to remove them. In addition, the absorption process of the point defects can be accelerated by the migration of ITB between the CTB lamellas. CTBs absorb SIAs preferentially over vacancies, and the SIAs exist on CTBs in the form of dislocation-loop-like interstitial clusters. The SIA clusters on CTBs can subsequently provide absorption sites that favor the annihilation of vacancies inside grains. This study gives a good explanation for recent experimental findings at the atomic scale and provides further support for the design of radiation-tolerant nanotwinned materials. 
